Abstract-The location and topology of grounding grid conductors are necessary to corrosion diagnosis and digging in most cases. In this paper, an integrated detecting device for grounding conductor buried position is designed. Based on the principle of magnetic field method, a multi-layer cascade PCB hollow coil sensor is designed. AC excitation current source, 16-channel control circuit, lock-in amplifier (LIA) circuit and 4-channel synchronous acquisition circuit are realized. The experimental test is completed for the integrated detection device, and results verify the feasibility of the system.
INTRODUCTION
As an important part of a power grounding system, grounding grid mainly exists in power plants and substations. It can be used for discharging large current rapidly, such as lightning current and fault current, which can reduce the rise of ground potential to protect the staff and device in the field. Many substations in the world are using carbon steel or galvanized flat steel as a grounding material due to the limitation of resource, economic and technical conditions [1] . After a long period of operation, the metals will be corroded in the soil, which directly reduces the security of the power system [2] . On some serious occasions, the conductor will fracture due to the corrosion and increase the ground resistance greatly, which will threaten the safety of electrical devices and staff in substations [3] .
There are some common methods used to evaluate grounding systems, such as conductionverification with current injection, visual inspection, and grounding resistance test [4] . The most common device to test the grounding grid is Smart Ground Meter in America. Many engineers use software such as CDEGS to assess existing grounding grid according to its construction drawings [5] . At the same time, new calculation models [6, 7] and analytical methods [8] [9] [10] are proposed, but most of them rely upon the position of the conductor.
In this paper, a positioning device for grounding grid is designed based on previous researches [11, 12] . The magnetic sensor module with multi-layer cascade PCB hollow coil is designed based on the analysis of target signal strength, EMI (Electromagnetic Compatibility) and existing measurement method. An array with 8 × 2 sensors is built to measure the target magnetic field distribution produced by the AC excitation current source designed with AD9833.
Considering the range of the target magnetic field and measurement efficiency, a 16-channel control circuit and a 4-channel synchronous acquisition circuit are designed. In order to filter out the odd harmonics and other interference signals, the circuit of the LIA is adopted
MAGNETIC FIELD METHOD
Magnetic Field Method injects current into the grounding grid and locate conductors based on magnetic information. The simplified structure of the grounding grid is shown in Fig. 1 . In Fig. 1 , the space magnetic field is calculated according to the superposition principle. Take the conductor OA with length L as an example, which carries current I. According to Biot-Savart law, the magnetic flux density B at point P (x p y p z p ) can be obtained as follows:
where, The current will excite an magnetic signal at the same frequency above the ground. Take |B x | as an example and carry out the calculation. The distribution of magnetic flux density in the plane 1 m above the conductors is shown in Fig. 3 , and Fig. 4 shows the section curve at y = 40 m.
Based on the simulation above, the target magnetic signal has following characters:
1) For a conductor parallel to the x-axis, its |B y | has a peak character; for a conductor parallel to the y-axis, |B x | has a peak character. 2) Each peak corresponds to a conductor below it. In addition, it is reliable to determine the buried position of grounding grid conductors.
3) The magnetic flux density on the ground above the grid conductors is 10 −9 ∼ 10 −7 T, when the injected excitation current is 1 A.
DESIGN OF MAGNETIC SENSOR

Measuring Principle
As shown in Fig. 5 , an AC excitation current i = I sin(2πf c · t) is injected into node M and extracted from N . Place the designed magnetic field measurement coil over conductors. The magnitude of the 
The induced electromotive force in the detecting coil is E
Connect the coil with a band-pass filter amplifier with the gain A. The output of the induced voltage is
Signal V o has a linear relationship with induced magnetic field B, which is same frequency f c . Therefore, it is feasible to measure the magnitude of the magnetic field indirectly by measuring V o .
Physical Design
The structure of multilayer PCB hollow coils is adopted by the device in the magnetic sensor [13, 14] . each other through via holes so as to ensure that the coils are winded in the same direction. The pads are reserved as a signal output terminal on the top and bottom layers of the coil which are in a serrated protrusion so that the coils can be cascaded. The wiring of each layer is in parallel from top to bottom to avoid eddy currents between different layers. Through holes at the edge can be used to fix the PCB, or to make an external wire through if necessary. Let the rectangular hollow sides of the coil be L 1 and L 2 respectively, and the number of windings of the single-layer coil is n. The effective area of the whole coil is S = L 1 L 2 , and the effective number of turns N = 4n + 0.5.
To improve the anti-interference ability of the sensors, the PCB shields on the top and bottom layers of the coil were designed which are both grounded to make sure the magnetic circuit only passes through the hollow part of the coil during measurement. The top measurement coil is connected to an input terminal of the filter amplifying circuit as the reference ground for the signal output while the bottom measurement coil is connected to another input terminal of the filter amplifying circuit. Fig. 7 shows the combination of sensor and LIA. Fig. 8 and Fig. 9 illustrate the schematic diagram and experiment setup. Use the standard AC excitation source XJ-IIB to inject an AC current of 1 A, 1 kHz into a circular current-carrying circuit. LIA chip AD630 also sets this current as the reference signal. The sensor is made up of cascade rectangular hollow coils of a four 4-layer PCB. The output of the coil is connected in turn to a band-pass filter circuit, a LIA circuit and an oscilloscope.
Magnetic Field Measurement Sensor Performance Test
During the test, the PCB coils are parallel to the circular current-carrying loops, and their central axes coincide. In other words, the coil is used to measure the magnetic flux density on the axis of the
Fi Ref According to the theory of electromagnetic field, we can calculate the magnetic flux density B of a circular current carrying circuit on the central axis
When the radius of the circular current-carrying loop is much larger than the size of the coil, it can be approximated that the sensor measures the magnitude of the magnetic flux density B on the axis in the center. The parameters of the magnetic field measurement sensor in the test are as follows:
The area of the coil is S = 10 mm × 10 mm. The number of turns of each PCB is N = 192.5. The passband gain of the band pass filter is A = 400, and its center frequency is f = 1 kHz, with a passband range of 500 Hz to 1700 Hz. Substituting into Eq. (5)
The circular current-carrying loops of different sizes are adopted in the test, respectively. Test the circular current-carrying loops of different radii a. In the case of no phase-locked amplifier circuit, the sensor induced voltage waveform and effective value are recorded by an oscilloscope, and compared with the theoretical value. The theoretical value assumes that the magnetic field is evenly distributed in the loop. The results are shown in Table 1 . Then, increase the LIA circuit for anti-jamming test. Inject the current of 1 A, 1 kHz into the loop of a = 25 cm, and measure the magnetic field intensity on the central axis. In addition, place two loops with smaller radius and carry current of different frequencies, inside the former loop. The two smaller loops can be used as an interference source. If no interference source is set, the measured reference value is 0.048 V.
Change the current magnitude and frequency of the interfering signal source, and the measurement results are shown in Table 2 below.
In the table, group 1 is focused on the power frequency interference, and it is the strongest in the substation. Group 2 and group 3 are used to test the anti-interference ability with 800 Hz, which is close to the target signal. Interference 2 is used to simulate the high-frequency interference. The results show that the error of magnetic field measurement is less than 10%, weather the interference is much stronger than target signal.
MEASUREMENT DEVICE
The structure of grounding grid conductor positioning device is shown in Fig. 10 . The AC excitation current source module is connected to two attainable nodes, and the current can be injected into the grid through wire and clamps. Subsequently, the induced magnetic field appears at the ground surface. The original induction magnetic field signal is converted to the collectable signal by the coils and data acquisition chip. The signal processing circuit amplifies and filters the induced voltage signal. The processed signal is sent to the channel control module to do the channel control and selection of the signal. And finally use the data processing and display module to carry on the image display, and the calculation of data needs to save. The data can transmit to the host computer, through the communication bus or copy through the SD card. Use the MATLAB functions on the host computer to do the final data processing to determine the locations of all conductors, and guide digging at last.
Considering the actual size of the substation grounding grid, the sensor modules are arranged into an array to improve efficiency of the magnetic field measurement. As shown in Fig. 11 , sensor modules are fixed on two PCBs side by side and vertically, to form a 2 × 8 sensor array. The horizontal distance between the sensors is 50 mm.
We can measure magnetic field of 16 points each time under this arrangement. Signal from sensor modules is transmitted to the channel control board through RF transmission lines. Sensors are integrated with other modules to form an integrated device as shown in Fig. 12 .
The left part in Fig. 12 is the magnetic field sensor module array, and the right side is the combination of other modules. The sensor module array is fixed by the upper and lower PCBs. Nylon pillars are on both sides to support them. On the right, there are the AC excitation current source, power board, and sponge-wrapped lithium battery from top to bottom. There is distance of 5 cm between the boards for heat dissipation. In this device, a piece of silicon steel can be inserted in the middle for electromagnetic shielding to eliminating the interference of function modules. 
EXPERIMENTAL ANALYSIS
Single-Conductor Positioning Experiment
For the detection of a single conductor, the detecting device is placed over the conductor and adjust the direction of the device so that the coil PCB is parallel to the line where the conductor is located. The experimental test schematic is shown in Fig. 13 . During the measurement, move the detecting device in the direction of the conductor so that a set of magnetic field data perpendicular to the conductor can be obtained. The data are collected by the four-channel synchronous acquisition circuit and uploaded to a portable computer through the serial port to save and display. Import the converted magnetic field and position data. The gradient of the magnetic field data is calculated by using the center differential function gradient in MATLAB. And then draw the graph of magnetic field gradient with position shown in Fig. 14 .
The graph shows that a peak is obtained every 5 cm, and the position of the peak is y = 2.1 cm. In fact, the position of the flat steel in the experiment is y = 2 cm. The measurement error is ±0.1 cm, and it shows good precision.
Test of Steel Grid Model
In this paper, a scale-down ground grid model made of galvanized flat steel is built to do the test according to the real grounding grid. For the real grounding grid, the cross section of each branch is 60 mm × 6 mm, and the length is 5 m ∼ 15 m. Conductor resistivity is in the order of 10 −7 Ω · m. Take Fig. 15 . Since the network structure of the grounding grid model is known, data can be measured directly in the direction of the branch to verify feasibility. Because of the small size of the flat steel model, it is possible to measure the magnetic flux density of all the areas above the flat steel network at once, and then locate the branches. The results are compared with the actual network structure to test the accuracy of the device.
The method of the measuring and modeling of the model network is explained in Fig. 16 . A rectangular space coordinate system is established by taking a vertex of the flat steel network as the origin.
The device measures the magnetic field data 0.6 m above each branch conductor of the grid. After each measurement, move 100 mm forward in the x or y directions, respectively. The procedure is the same as detecting the single conductor. An experimental photo is shown in Fig. 17 .
By testing this 7 × 3 grid model, the induced voltage data at 0.6 m above the flat steel network can be obtained, to simulate the surface data of buried grid. The induced voltage data are converted to the induced magnetic field data according to the relationship between the induced voltage and the induced magnetic field. Select a branch along the x axis to analyze its magnetic field measurement data, and draw the curve of B on position. For the sake of generality, select the branch located along y = 0 for calculation and plotting. Fig. 18 shows the B x (y) curve after processing.
From Fig. 18 , it can be seen that there are peaks at x = 0, x = 0.5, x = 1.0, x = 1.5, x = 2, x = 2.5, x = 3 and x = 3.5. According to the conclusion of magnetic field characters in Section 2, there should be a flat steel network branch conductor under these positions. In fact, there are indeed lateral branches at these locations.
CONCLUSION
By injecting the AC excitation current into the grounding grid, measuring the magnitude of the induced magnetic field above it and drawing the magnetic-position curve, the buried position of the conductor can be judged according to the main peak character. The method works well with different measurement paths. Based on this method, the detecting device can realize the positioning of the grounding grid conductor before excavation and has the advantages of anti-interference ability, high precision and portability. It can provide the convenience for the corrosion diagnosis and digging of grounding grid. 
